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auction and English clock auction) with heterogeneous bidders (coal power plants and gas power plants) 
from four perspectives (carbon price, auction efficiency, demand withholding and fluctuations in power 


ne dane allocation supplies). Possibilities of collusion among bidders and impacts of allowance banking and penalty price 
Auctions on bidders’ behaviors under different auction formats are also examined. The results show that (1) when 
Experimental economics there are relatively more bidders and there are no obvious communications between them, despite there 
Carbon emissions trading being some tacit collusion, efficiency of English clock auction is greater than the other two formats; (2) 
Explicit collusion when there are relatively fewer bidders and there are obvious communications between them, explicit 
Tacit collusion collusions are observed under English clock auction. In this case, discriminatory price auction helps pre- 


vent collusion to some extents; (3) in the banking scenario, more speculations are observed, while penalty 
price exacerbates price volatility. 
© 2012 Elsevier Ltd. All rights reserved. 
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1. Introduction 


As emissions of carbon dioxide and other greenhouse gases are 

* Corresponding author at: School of Economics and Management, North China growing, various mechanisms for emission abatement are receiv- 
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way, the “Kyoto Protocol” introduced three flexible mechanisms, 
which are emissions trading (ET), joint implementation mechanism 
(JI) and clean development mechanism (CDM). In ET, allocation 
of initial allowances to industries or equipment which emit pol- 
lutants is a very important issue [1]. The initial allocation of 
carbon emission allowances is the basis of designing the ET mech- 
anism. Free allocation by government, auction and a combination 
of the two are the main allocation modes suggested by scholars 
[2]. 

Compared with free allocation, auction can allocate allowances 
to the agents who need them most. Auction revenues can also be 
used to finance environment protection measures for addressing 
climate change and to reduce distortions of the relevant tax. There- 
fore, it is more appropriate to auction carbon allowances due to the 
“double dividend” effect [3]. In theory, agents can achieve emissions 
reduction at a low cost on the whole [4]. 

The largest carbon trading market - European union emissions 
trading system (EU ETS) - is currently employing a combination 
of free allocation by government and auction. EU countries were 
allowed to auction up to 5% of overall emissions rights in the first 
phase (2005-2007), and auction up to 10% of overall emissions 
rights in the second phase (2008-2012). The rest are allocated free 
by governments. 

However, there are still many issues to be further studied. 
For example, which format should be chosen for multi-units car- 
bon auction? What about the possibilities of collusion between 
bidders in different auction formats? What is the impact of bank- 
ing and penalties for bidders’ behaviors? How can these factors 
be analyzed in an integrated framework, and how can results 
from different experiments be compared are also the focus of this 
paper. 

The results may shed light on the impact of auction on the 
bidders’ behaviors and even potentially cause a change in China’s 
environmental policy. Also, some conclusions may be useful for lay- 
ing down the general rules of the carbon market, which may be a 
contribution to existing literatures. The article is structured as fol- 
lows. Section 2 introduces literature relating to the carbon auction 
mechanism and economics. Section 3 is devoted to illustrating the 
experimental design in general. Section 4 contains results of the 
experiment, and Section 5 concludes. 


2. Literature review 


There are two types of auctions, static (sealed) auction and 
dynamic (clock) auction. Static auction can be further divided into 
uniform price auction, discriminatory price auction and second 
price auction, according to the different market clearing price, as 
shown in Table 1. 

Selecting the optimal type of auction has been a matter of debate 
for researchers and governments. Klemperer argued that a good 
auction mechanism should be able to prevent bidders from collud- 
ing with each other [5]. Tacit or explicit collusions may produce 
significant impact under different auction mechanisms [6,7]. Pekec 
and Tsetlin compared discriminatory price auction and uniform 
price auction and found that compared with uniform price auc- 
tion, discriminatory price auction allows the auctioneer to get more 
revenue in the presence of uncertainty about the number of partic- 
ipating bidders [8]. Based on an economic experiment, Alsemgeest 
et al., compared English clock auction and sealed uniform price auc- 
tion [9]. They found that when communications between bidders 
were prohibited and market clearing price was announced after 
each round of auction, sealed uniform price raised more revenue 
for the auctioneer than English clock auction, which means bid- 
ders found it easier to collude under English clock auction. Burtraw 
et al. believed that due to decisions on only one-dimension (bid 


quantity) rather than two-dimensions, bidders are more likely to 
collude under clock auction [10]. They also found that discrimi- 
natory and uniform price auctions produce greater revenues than 
the clock auction, both with and without explicit communication. 
Goeree et al. reported a multi-unit auction to evaluate the possi- 
bility of demand withholding in the case of no communications 
[11]. They found that the auctioneer’s revenue under discrimina- 
tory price auction was much larger than in ascending clock auction. 
Demand withholding under ascending clock auction was more 
significant. Katok and Roth compared two clock auctions of multi- 
unit homogeneous goods [12]. They found that descending auction 
should be adopted in mature markets, while ascending auction is 
more suitable for emerging markets. 

Different types of auctions have been compared extensively in 
extant literature, but their conclusions are not uniform. Also com- 
parisons in the context of carbon auctions are relatively few. A 
significant feature of carbon auction is that bidders can bank their 
unused allowances for future use. Banking makes intertemporal 
bidders’ abatement costs verge to equal, which provides flexibil- 
ity of emissions abatement and reduces the corresponding costs 
[13]. Cronshaw and Brown designed an experiment for allowance 
market under the US clean air act of 1990 [14]. They found that 
in theory, banking increased revenue of auctioneer by about two 
third. Experiments by Godby et al. and Mestelman etal. also showed 
banking could help smooth allowances’ price [15,16]. Cong and Wei 
established a multi-agent model to study uniform price auction 
and discriminatory price auction from four aspects (the relation- 
ship between demand and supply, uncertainty of generation cost, 
bidders’ learning abilities and market structure) [17]. It was found 
that discriminatory price auction was better from the perspective 
of efficiency, while uniform price auction was better in terms of 
fairness which is good for small agents. 

Because different bidders have different risk preferences, util- 
ity of the same revenue may be different for them, which may also 
affect bidders’ behaviors. Chen et al. compared uniform price auc- 
tion and discriminatory auction based on bidders’ risk preferences 
[18]. They found that when bidders were risk averse, discrimina- 
tory price auction could raise more revenue for auctioneer; when 
bidders are risk seeking, uniform price may be better for the auc- 
tioneer. 

On the one hand, carbon auction is still in its infancy, related data 
are scarce; on the other hand, carbon auction is the game between 
bidders and government, and among bidders themselves, which 
is also a source of complexity of the energy system [19]. Tradi- 
tional economic analysis and intelligent simulation cannot describe 
human psychology effectively. To bridge this gap, this paper studies 
the above issues in a non-theoretical way, or by purely experimen- 
tal means. The experimental platform is programmed by z-Tree 
software [20]. 


3. Experimental design 
3.1. Participants 


In each experiment, twelve participants were selected randomly 
from the Beijing Institute of Technology. The ratio of males to 
females was roughly one. Participants were between 20 and 25 
years old, all voluntary. Each participant was given the role of a 
power plant with multiple generation units to produce electricity 
to be sold at a known price. The experiments were run entirely by 
computerized means, with participants sitting in the same room, 
in front of terminals isolated by partitions. At the end of the exper- 
iments, their earnings were converted into Chinese dollars (RMB 
Yuan). Overall, participants spent about 180 min in the lab and 
earned on average 50 RMB Yuan in one session. 
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Table 1 
Standard auction types. 


Static (sealed) auction 


Dynamic (clock) auction 


Uniform price auction 
(adopted by most EU 
countries currently) 


Discriminatory price 
auction 


Second price auction 


Ascending auction 
(English auction) 


Descending auction 
(Dutch auction) 


3.2. Pretreatment 


As previously mentioned, the risk preference measurement is a 
good benchmark to compare this paper’s results with other papers’. 
Participants’ risk preferences were measured by the following two 
questions. Question 1 tested participants’ risk preferences within 
the earnings framework, while Question 2 tested them within the 
loss framework. 


(1) If business A can win 800 Yuan certainly, while business B can 
win 1000 Yuan with possibility of 85% or win nothing with 
possibility of 15%, what will be your choice? 

(2) If business A can lose 800 Yuan certainly, while business B can 
lose 1000 Yuan with possibility of 85% or lose nothing with 
possibility of 15%, what will be your choice? 


The two questions above were from Kahneman and Tversky’s 
experiments of “certainty effect” and “reflection effect” [21]. Their 
experiment results based on US participants showed that within 
the earnings framework, about 84% participants chose A, which 
means they were risk averse. Within the loss framework, about 
87% participants chose B, which means they were risk seekers. 

By means of this pretreatment, it was found that on average, 
within the earnings framework, 91.6% participants chose A, while 
within the loss framework, 91.8% participants chose B. Compared 
with Kahneman and Tversky’s experimental results, this experi- 
ment’s participants showed a smaller risk preference within the 
earnings framework and a larger risk preference within the loss 
framework. 


3.3. Experiment design 


In the experiment, subjects represented participants’ private 
variables. Unit generation cost is represented as cost. Carbon emis- 
sions needed for unit electricity are denoted as CarbonNeed, whose 
numerical values roughly reflect the difference between fuel cost 
of gas power plant and coal power plant (Table 2). Globals represent 
global variables, including total emission allowances to be auc- 
tioned (Carbon_quantity), electricity price (Electricity_price), reserve 
price (ReservePrice) and penalty price (Punish). Treatments repre- 
sent the three stages of the process of the experiment: (1) input 
stage; (2) market clearing stage, and (3) results showing stage. Here 
private value is the maximum price the agent would pay for unit 
allowance. Private values of coal power plant and gas power plant 
are assumed roughly equal, which avoids unfair competition in the 
market. 


3.4, Scenario design and performance measures 


3.4.1. Scenario design 

Options involved in this experiment included: auction formats, 
the possibility of communication (face to face) between bidders, 
banking and the penalty price. Assigning value to each option, a 
four-dimensional scenario space was formed. 


3.4.1.1. Auction formats. In EU ETS, two types of auctions often 
considered are static sealed-bid auction and dynamic ascending 
auction. The main difference between these two auctions is the 


rounds. There is only one round in static auction while many rounds 
take place in dynamic auction. Considering the simplicity of static 
auction, all countries chose static auction, among which Hungary, 
Ireland and Lithuania use a sealed uniform price auction. Therefore, 
uniform price auction, discriminatory price auction and ascending 
clock auction are examined here. 


3.4.1.2. The possibility of communication between bidders. Here, two 
options were set: (1) Low communication possibilities. Bidders 
were not allowed to communicate each other explicitly. Their 
generation costs were generated randomly again in each round. 
(2) High communication possibilities. The number of bidders was 
halved to six and their costs kept constant in each round, which 
would facilitate the explicit collusion. Here the aim is to distinguish 
the impact of tacit and explicit collusion on auction results. 


3.4.1.3. Banking. Here two options were set: (1) No banking. (2) 
Banking. Here the aim is to examine whether banking is conducive 
to emissions reduction. 


3.4.1.4. Penalty price. Here two options were set: (1) Low penalty 
price (Punish =40). (2) High penalty price (Punish =80). Here we 
want to examine the impact of different penalty prices on auction 
results when banking is allowed. 

Therefore, the whole scenario space has four dimensions, 
including twenty-four scenario combinations. 


3.4.2. Performance measures 
Here auction efficiency [9], demand withholding and volatility 
of electricity supply were used as performance measures. 


Table 2 
The experiment environment. 


Subjects 
Gas power plant:cos t~ U(70, 90)(here U represents a uniform distribution), 
CarbonNeed = 1; coal power plant:cos t~ U(30, 50), CarbonNeed =2 


Globals 
Carbon _ quantity; Electricity _price = 120; ReservePrice = 20; Punish 


Treatments 

Stage 1: Input stage 

Variables showed: 

Maximum production of electricity: Capacity = 50; Cost of 

generation: COSt¢oal power plant = 70 + 20 x U(O, 1), COStgas powerplant = 30 + 20 x U(O, 
1); Electricity -price = 120; Private value: 

PrivateValue = (Electricity_price — cost)/(Carbon_Need) 

Variables inputted: 

Bid price: Price, bid quantity: Quantity, electricity actually produced: elec 


Stage 2: Market clearing stage 

Set carbon allowances obtained by each bidder and the price, calculate 
bidders’ profit according to different auction formats (including discriminatory 
price auction, uniform price auction and ascending clock auction) [17]. Then, 
bidders’ profits are calculated as the difference between their revenue from 
electricity and their costs of generation and carbon allowances. 


Stage 3: Result showing stage 

Variables showed: 

Allowance get in this period: Carbon _get, profit: profit, price paid: realprice 
(profit = elec x (Electricity _ price — cos t) — Carbon _ get x realprice — punish cos t) 
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Supply for 


Price allowances 


S1 


Demand for allowances 


Fig. 1. Supply and demand relationship of carbon allowance auction in the uniform 
price auction. 


Auction efficiency is calculated as the actual value achieved as 
a percentage of the maximum possible value (Burtraw et al.) [10], 
which can de defined as follows: 


s1 
Hi = Sry s2) 


In the equation above, eff stands for auction efficiency, i refers to 
the three types of auctions, S1 is government earnings from auction, 
and S2 is bidders’ profit, as shown in Fig. 1. 

A significant feature of carbon auction is that the government 
can punish enterprises for excess emissions. Therefore, the tradi- 
tional auction efficiency was extended as follows: 


effi 


actpi govi 
— maxp; (govi + tpi) 


(1) 


In the equation above, actp refers to government’s actual earn- 
ings from auction, max p refers to government’s maximum earnings 
from auction in theory. gov is actual government earnings from auc- 
tion and punishment, tp is total bidders’ profit. i refers to the three 
types of auctions. 

Demand withholding (desh) can be defined as the difference 
between bidders’ maximum capacity (capacity) and bidders actual 
output (elec), as follows: 


12 
desh; = X (capacity; — elec;) (2) 
j=1 
Different from existing literature, this paper considered the 
impact of carbon auction on actual output. Here the coefficient of 


standard deviation of electricity supply (vol;) was used as the third 
performance measure, which can be defined as follows: 


In the equation above, sd is the standard deviation of total elec- 
tricity output, and mean is the mean value of total electricity output. 


4. Experiment results 


Though there were twenty-four scenario combinations, this 
paper mainly considered three integrated settings, as shown in 
Table 3 (Burtraw et al.) [10]. 


4.1. Comparison of the three allowance auction formats in the 
baseline scenario 


This section examines the rank order of the three auction for- 
mats; e.g., which auction format has better performance in the 
baseline scenario. Firstly, we examine allowance prices in three 
auction formats, as shown in Fig. 2. 


Table 3 
Combinations of settings and auction mechanisms considered. 


Richer scenario 2 
(examine banking and 
penalty price) 


Richer scenario 1 
(compare tacit and 
explicit collusion) 


Baseline scenario 
(compare auction 
formats) 


No communication Communication No communication 


12 bidders 6 bidders 12 bidders 

540 permits 270 permits 540 permits 
Rerandomize costs Same costs Rerandomize costs 
No banking No banking Banking 


Low penalty price Low penalty price Low penalty price High 


penalty price 


8 auctions per session 
Uniform (100 sessions) 
Discriminatory (100 
sessions) 

Clock (100 sessions) 


8 auctions per session 
Uniform (100 sessions) 
Discriminatory (100 
sessions) 

Clock (100 sessions) 


8 auctions per session 
Uniform (100 sessions) 
Discriminatory (100 
sessions) 


Here mean values of 100 sessions were used to analyze each auction, which elimi- 
nates the influence of randomness to some extent. 


a a 


Allowance Price (Yuan) 


Rounds 


—+?— Discriminatory price auction 
—as— Ascending clock auction 


= =- = Uniform price auction 


Fig. 2. Allowance prices under three auction formats in the baseline scenario. 


Table 4 
Friedman test on allowance prices (baseline scenario). 
Mean ranks 
Discriminatory auction 1.63 
Uniform auction 1.88 
Ascending clock auction 2.5 


It can be seen from Fig. 2 that compared with ascending clock 
auction, discriminatory price auction and uniform price auction 
show a similar trend of carbon allowance price. In ascending clock 
auction, allowance price was high in the first few rounds and low 
in Rounds 5 and 6. This may be because there was tacit collusion 
among bidders, to some extent, in these rounds. In the last two 
rounds, the collusion between bidders collapsed, which pushed 
up the allowance price. We did a nonparametric Friedman test on 
allowance prices of discriminatory auction, uniform auction and 
ascending clock auction (Tables 4 and 5). 

It can be seen from the significance level (as shown in Table 5, 
Sig=0.197) that there was not significant difference between 
allowance prices under the three auctions. Therefore, we can con- 
clude that from the perspective of maximizing allowance price, no 
auction format shows a significant advantage over others. Mean- 
while, there is unstable tacit collusion between bidders in the clock 


Table 5 

Test statistics of allowance prices (baseline scenario).? 
N 8 
Chi-square 3.25 
df 2 
Asymp. Sig. 0.197 


a Friedmans test. 
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Fig. 3. Electricity supplies under three auction formats. 
Table 6 


Electricity supplies in three auction formats. 


Discriminatory Uniform price Ascending clock 


price auction auction auction 
Standard deviation 45.35 20.36 46.93 
Mean 514.38 539.88 342.25 
Coefficient of variation 0.09 0.04 0.14 


auction. At the end of auction, the collusion has the possibility of 
collapsing. 

Next, we examine electricity supply in the three auction formats. 

It can be seen from Fig. 3 that because of the high allowance 
price, electricity supply in ascending clock auction was the least. 
Compared with discriminatory price auction, supply in uniform 
price was relatively higher. Electricity supply volatility (Table 6) 
in ascending clock auction was the largest, while it was the least in 
uniform price auction. Therefore, from the perspective of ensuring 
electricity supply, uniform price auction is better than discrimina- 
tory price auction and ascending clock auction. 

Thirdly, demand withholding by bidders in the three auction 
formats was examined. Demand withholding is another form of 
tacit collusion between bidders, in addition to price. Larger demand 
withholding means the auction cannot discover real demand of 
bidders effectively. 

It can be seen from Fig. 4 that there were large differences 
between bidders’ demand withholding in the three auction for- 
mats. Demand withholding in ascending clock auction was the 
largest (405 on average). A nonparametric Wilcoxon signed ranks 
test was done on demand withholding under discriminatory price 
auction and uniform price auction. Results are shown in Tables 7-9. 


Demand withholding of 
carbon allowances 


Rounds 


—®*— Discriminatory price auction —#®— Uniform price auction 


—4— Ascending clock auction 


Fig. 4. Demand withholding of bidders in three auction formats. 


Table 7 
Demand withholding. 


Mean value Standard variance 
Discriminatory price auction 134.38 72.54 
Uniform price auction 96.00 38.89 
Ascending clock auction 405.75 64.37 


Table 8 
Wilcoxon signed ranks test on demand withholding (baseline scenario). 


N  Meanrank Sum of ranks 


Uniform auction - Negative ranks 24 4.5 9 
discriminatory auction Positive ranks 6> 4.5 27 
Ties oc 
Total 8 


4 Uniform auction < discriminatory auction. 
b Uniform auction > discriminatory auction. 
© Uniform auction = discriminatory auction. 


It can be seen in Table 7 that both mean values and standard vari- 
ance of discriminatory price auction were larger than in uniform 
price auction. We further did a nonparametric Wilcoxon signed 
ranks test (as shown in Tables 8 and 9) and found that there was 
no significant difference between demand withholdings under dis- 
criminatory price auction and uniform price auction (Sig =0.208). 
We also did a nonparametric Wilcoxon signed ranks test on demand 
withholdings under uniform price auction and ascending clock auc- 
tion and found that there was a significant difference (Sig = 0.012, 
as shown in Tables A.1 and A.2) between them. 

Thus it can be concluded that demand withholding in ascend- 
ing clock auction format was larger than in the other two auction 
formats. Volatility of demand withholding in discriminatory price 
auction was larger than in uniform price auction, but there was 
no significant difference in mean values of these two auction for- 
mats. This may be because bidders in uniform price auction know 
allowance price at the end of each round, which makes them 
have more accurate expectations and reduces the volatility of their 
demand withholdings. 

At last, auction efficiencies of the three auction formats were 
examined. 

It can be seen in Fig. 5 that on average, auction efficiency in 
ascending clock auction was the highest, while in discriminatory 
price auction it was the lowest. 

Auction efficiencies of ascending clock auction were very high 
in some rounds (such as Rounds 2 and 7). But in some rounds (such 
as Rounds 5 and 6) efficiency was only about 52%. In ascending 
clock auction, bidders made decisions only on one-dimension, so 
they found it easier to reach tacit collusion [10]. But the collusion 
is unstable. As the auction drew to a close, the collusion failed. On 
the whole, ascending clock auction can help government discover 
bidders’ private values effectively in the baseline scenario. 

Auction efficiencies of the three auctions did not differ much. 
We did a nonparametric Friedman test on them. Results are shown 
in Tables 10 and 11. 

It can be seen in Table 11 that there was a weak significant 
difference between values of three auction formats (Sig=0.097). 
Therefore, we can conclude that from the perspective of auction 


Table 9 
Test statistics of demand withholding (baseline scenario).> 


Uniform auction - discriminatory 


auction 
Z —1.26 
Asymp. Sig. (2-tailed) 0.208 


a Based on negative ranks. 
b Wilcoxon signed ranks test. 
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Fig. 5. Auction efficiencies in three auction formats. 


Table 10 
Friedman test on auction efficiencies (baseline scenario). 
Mean rank 
Discriminatory auction 1.44 
Uniform auction 2.11 
Ascending clock auction 2.44 


Table 11 
Test statistics of auction efficiencies (baseline scenario).? 
N 8 
Chi-square 4.667 
df 2 
Asymp. Sig. 0.097 


3 Friedmans test. 


efficiency, although there may be obvious collusion during the 
auction, clock auction has better performance than the other two 
auction formats. 


4.2. Comparison of three auction formats when communication is 
allowed (Richer scenario 1) 


In this section, the number of bidders was halved into six to 
examine the impact of tacit collusion between bidders on auction 
performances. The number of bidding coal power plants and gas 
power plants was equal. Their unit generation cost kept constant 
in each round. In this scenario, there was high possibility of com- 
munication (it was allowed), banking was not allowed and penalty 
price was set at 40. 

Firstly, allowance prices in the three auction formats were 
examined. Results are shown in Fig. 6. 

It can be seen from Fig. 6 that when communication between 
bidders was allowed, allowance price of discriminatory price auc- 
tion was larger than the other two auction formats most of the 
times (Sig = 0.02, as shown in Tables A.3 and A.4). 

It can be seen in Table 12 that mean values of allowance prices 
under uniform price auction were between prices under the other 


Table 12 
Descriptive statistics of carbon allowance price (Richer scenario 1). 
Maximum Minimum Means Standard 
deviation 
Uniform price auction 36 15 28.275 7.245 
Discriminatory price auction 38.4 30.94 35.44 2.643 
Ascending clock auction 26 20 21.5 2.07 
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Fig. 6. Carbon allowance prices under three auction formats when communication 
was allowed. 


two auction formats, and volatility was the highest (7.245). This 
means that compared with mean values of allowance prices in base- 
line scenario, when bidders are fewer and communication between 
them is allowed, discriminatory price auction can prevent collusion 
effectively, while ascending clock is conducive to explicit collusion. 

Next, electricity supplies in the three auction formats were 
examined. 

It can be seen from Fig. 7 that as different from baseline scenario, 
when communication between bidders was allowed, although 
allowance price in clock auction was relatively low, electricity sup- 
ply was also relatively low. This may be because explicit collusion 


300 


250 


200 


150 


Electricity supply 


100 


Rounds 


—#®— Uniform price auction —®*— Discriminatory price auction 


—&— Ascending clock auction 


Fig. 7. Electricity supplies under three auction formats when communication was 
allowed. 
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Fig. 8. Demand withholdings under three auction formats when communication 
was allowed. 


Table 13 
Descriptive statistics of electricity supplies (Richer scenario 1). 


Discriminatory Uniform price Ascending clock 


price auction auction auction 
Standard deviation 205.13 221.25 174.25 
Mean 45.24 47.36 13.23 
Coefficient of variation 0.22 0.21 0.08 


enables bidders to reduce their electricity supplies to pull down 
the allowance price. In contrast, electricity supplies in discrimina- 
tory price auction and uniform price auction were relatively larger. 
As seen in Table 13, volatility of electricity supplies in ascend- 
ing clock auction was less than in the other two auction formats, 
which means relatively stable supply alliance among bidders under 
ascending clock auction. So we can conclude that from the perspec- 
tive of ensuring electricity supply, performance of ascending clock 
auction is worse than the other two auction formats. 

Thirdly, we examine demand withholdings in the three auction 
formats when communication is allowed. 

It can be seen from Fig. 8 that when communication was 
allowed, demand withholding in ascending clock auction was larger 
than in the other two auction formats, on average. 

It can be seen from Table 14 that volatility of demand withhold- 
ing in ascending clock auction was much less than in the other two 
auctions when communication was allowed, implying that bidders 
in ascending clock auction tend to withhold their real demand to 
pull down allowance price collectively. This coalition for demand 
withholding was more stable in ascending clock auction. 

Finally, we examined efficiencies of the three auction formats. 
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Table 14 
Demand withholdings in three auction formats when communication was allowed. 
Mean Standard deviation 
Uniform price auction 138.75 68.25 
Discriminatory price auction 109.25 70.88 
Ascending clock auction 187.88 20.15 
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Fig. 10. Carbon allowance prices under two auction formats when banking was 
allowed (low penalty price). 


It can be seen from Fig. 9 that when communication was 
allowed, efficiency of discriminatory price auction was the highest 
(94.6%) while in ascending clock auction it was the lowest (54.7%) 
(Sig =0.02, as shown in Tables A.5 and A.6). Therefore, we can con- 
clude that when there are few bidders and communication between 
them is allowed, ascending clock auction is conducive to bidders’ 
alliance. In contrast, discriminatory price auction can effectively 
prevent explicit collusion. In terms of auction efficiency, discrimi- 
natory price has a better performance than the other two auctions 
in this scenario. 


4.3. Comparison of two auction formats considering banking and 
penalty price (Richer scenario 2) 


Because there may be explicit collusion between some bidders 
in ascending clock auction, it is not a good option for China’s elec- 
tricity market as it still has only limited competition. Next, we 
focus on discriminatory price auction and uniform price auction. An 
important feature of carbon allowance is banking, which can help 
bidders optimize their bidding behaviors. Here we set two options: 
(1) low penalty price (penalty price =40); (2) high penalty price 
(penalty price =80). There were twelve participants, six of whom 
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Fig. 9. Efficiencies of three auction formats when communication was allowed. 
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Fig. 11. Carbon allowance prices under two auction formats when banking was 
allowed (high penalty price). 
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Fig. 12. Electricity supplies under two auction formats when banking was allowed 
(low penalty price). 


were coal power plants and the other six were gas power plants. 
Scenario was set as low possibility of communication; banking was 
allowed. 

We examine the impact of banking on allowance prices and 
electricity supplies, as follows (Due to the limited space, statistical 
results are omitted here). 

It can be seen from Fig. 10 that in the case of low penalty price, 
banking may cause bidders to indulge in speculation to a certain 
extent and exacerbate market volatility. 

Itcan be seen from Fig. 11 that when penalty price was increased 
from 40 to 80, the market was in panic. Volatilities and mean values 
of allowance prices in the scenario of high penalty price were larger 
than in the scenario of low penalty price. 
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Fig. 13. Electricity supplies under two auction formats when banking was allowed 
(high penalty price). 


It can be seen from Fig. 12 that when banking is allowed, though 
there is speculation, electricity supplies may be decreased due to 
uncertainties about the future. 

It can be seen from Fig. 13 that when banking was allowed 
and penalty price was doubled, bidders’ electricity supplies signifi- 
cantly decreased. Bidders’ production tended to be conservative. At 
the same time, volatilities of electricity supplies increased, which 
means high penalty price may exacerbate panic in the market. 


5. Conclusions 


With further development of the carbon market, free distribu- 
tion of carbon allowance is likely to be replaced by auction to a 
certain extent. The choice of specific carbon allowance auction for- 
mats is a very complex issue. On one hand, auction should minimize 
tacit or explicit collusion between bidders, improving auction effi- 
ciency. On the other hand, auction should reduce the impact (of 
environmental regulations) on relevant industries and the macro 
economy. In extant literature, some authors have reported differ- 
ent results based on their experiment settings but have not givena 
comparable basis. This paper has tried to integrate them in a com- 
prehensive framework and tried to explain different results in the 
context of bidders’ risk attitudes. 

Based on analysis of current EU ETS allowance auction, this 
paper compares three auction formats (discriminatory price auc- 
tion, uniform price auction and ascending clock auction) using 
an experimental method. Through the analysis of experimental 
results, we can conclude as follows: 


(1) When there are more bidders and there is no communication 
between them, there may be unstable tacit collusion between 
bidders in case of ascending clock auction. From the perspec- 
tive of ensuring electricity supplies, uniform price auction has 
better performance. This may be because in uniform price auc- 
tion, bidders know market clearing price after each round and 
have clearer expectations on future price trend, which reduces 
volatility of their demand withholdings. Although there may be 
obvious collusion in the midst of the auction process, efficiency 
of the clock auction format is higher than the other two auction 
formats, which is different from Burtraw et al. [10] This may be 
related to bidders’ risk attitudes. When bidders have a smaller 
risk preference within the earnings framework, they may not 
collude for fear of losing revenue. 

(2) When there are fewer bidders and communication is allowed, 
carbon allowance price in discriminatory price auction was the 
highest, while it was the lowest in ascending clock price auction. 
This means discriminatory price auction can prevent collusion 
effectively, while ascending clock auction is conducive to bid- 
ders’ collusion. 

(3) When communication is allowed, allowance price in clock auc- 
tion is low but electricity supplies are also relatively less. This 
is because collusion between bidders reduces supplies to drive 
down allowance price. Volatility of electricity supplies in clock 
auction was less than in the other two auctions, which means 
there may be relatively stable supply under clock auction. 

(4) In the scenario of low penalty price, banking increases 
allowance price fluctuations. This means banking causes bid- 
ders’ speculation to a certain extent and exacerbates market 
volatility, which is different from existing literature where the 
view is that allowance banking helps smooth price variabil- 
ity [4]. When the penalty price is increased, mean values and 
volatility of allowance price also increase, resulting in elec- 
tricity supplies decreasing significantly and volatility being 
increased. Bidders’ production tends to be conservative. High 
penalty price exacerbates the market shock. 
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This paper does not consider the secondary market. We also did 
not invite real China’s power plants’ decision makers to participate 


in experiments. There are left for future research. 


Appendix A. 


Table A.1 
Wilcoxon signed ranks test on demand withholding (baseline scenario). 


N Meanrank Sum of ranks 


Ascending clock Negative ranks 04 0 0 
auction - uniform Positive ranks 8&8 45 36 
auction Ties oc 

Total 8 


a Uniform auction < discriminatory auction. 
b Uniform auction > discriminatory auction. 
© Uniform auction = discriminatory auction. 


Table A.2 
Test statistics of demand withholding (baseline scenario).” 


Ascending clock auction - uniform 


auction 
Z =2.521° 
Asymp. Sig. (2-tailed) 0.012 


a Based on negative ranks. 
b Wilcoxon signed ranks test. 


Table A.3 
Friedman test on allowance price (Richer scenario 1). 
Mean rank 
Uniform auction 1.75 
Discriminatory auction 3 
Ascending clock auction 1.25 


Table A.4 

Test statistics of allowance price (Richer scenario 1).* 
N 8 
Chi-square 13 
df 2 
Asymp. Sig. 0.002 


a Friedmans test. 


Table A.5 
Friedman test on auction efficiencies (Richer scenario 1). 
Mean rank 
Uniform auction 1.75 
Discriminatory auction 3 


Ascending clock auction 1.25 


Table A.6 
Test statistics of auction efficiencies (Richer scenario 1).? 
N 8 
Chi-square 13 
df 2 
Asymp. Sig. 0.002 


a Friedmans test. 
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